The rotational Zeeman effect of FC1CO is reported. The Chlorine nuclear ^/-factor, the molecular (^-factors, gaa > 9bb , and gcc » and the magnetic susceptibility anisotropics, (2 /aa-"Abb -Xcc) mole and (2 Xbb~Xcc-Xaa) mole , are obtained from the spectrum.
Introduction
Not many investigations of the rotational Zeeman effect of molecules containing a Chlorine atom have been reported up to now [1] [2] [3] [4] .
This laboratory has started to study such molecules in order to contribute to fill the present gap of informations. After the HOC! 5 and the CH3OCl 6 we took into consideration the FC1CO molecule, whose r0-structure is known '. The choice of small molecules is primarely determined by the fact that on these molecules it is possible to perform semiempirical calculations to be compared to the experimental findings.
Experimental
The FC1C0 gas was made available to us in lecture bottle by P.C.R. Inc., Florida, U.S.A. Small samples were taken from time to time, condensed at dry ice temperature, and used for the spectroscopic analysis.
The Zeeman spectrometer is a conventional 33 kHz Stark modulated microwave one combined with a high stability, sufficient homogeneity electromagnet up to 30 kGauss. Details concerning the spectrometer can be found in Reference 8 .
The absorption cell, with an effective length of 2.10 m, was cooled to about -60 °C and the pressure of the gas was around 5 m Torr.
The Zeeman pattern of the rotational spectrum exhibited by this molecule has a rather poor intensity and a considerable overlapping occurs among the Zeeman satellites from different nuclear quadrupole components. These two facts have severely limited both the choice of the transitions and the choice of the magnetic field strength. The errors in the frequency measurements are believed to be less than ± 20 kHz.
Theoretical Review
The theoretical treatment of the rotational Zeeman effect in diamagnetic molecules having a quadrupole nucleus has been done by different authors [9] [10] [11] . The short outline which is given here is mainly intended to describe the computational procedure followed.
The effective Hamiltonian for a diamagnetic molecule having a nuclear quadrupole coupling with an imposed magnetic field can be expressed as:
where Jin is the Hamiltonian operator for the pure rotational energy, 71Q for the nuclear quadrupole interaction, and !Hh for the Zeeman interaction. This last term has three contributions
where is the Hamiltonian for the Zeeman effect due to the molecular ^-factors, Hh ) for the Zeeman effect due to the magnetic susceptibility anisotropics, and jHjp for the Zeeman effect of the quadrupole nucleus with the nuclear ^/-factor.
In the strong field case, where the Zeeman energies are larger than the quadrupole coupling energies, it is convenient to use the uncoupled basis, | 7, r, /, Mj, M/}, to set up the matrix of the Hamiltonian (1) . In this basis Un is diagonal, !Hh is approximated to be diagonal, and JJQ is approximated to be diagonal in /, r, 7, while it contributes with diagonal and off-diagonal elements in M j and Mi. Furthermore JJQ is diagonal in Mp = Mj + M/, and hence a factorisation into submatrices with common values of Mj + Mi is possible. The matrix elements of JJr and !Hq in the uncoupled basis, 1 J,t, I, Mj, Mj), are to be found in References 5 - [9] [10] [11] . The matrix elements of the field dependent part, J-ljj, are given further in this paper. The matrix of the Hamiltonian (1) has to be diagonalized in order to find the eigenvalues E(J, r, I, Mj, Mi).
In the weak field case, where the Zeeman energies are smaller than the quadrupole coupling energies, the off-diagonal elements in the uncoupled basis are large in comparison to the differences between the diagonal elements which they connect and therefore it is more convenient to choose the coupled basis, /, r, /, F, MF), for the matrix of the Hamiltonian (1). The diagonalisation will lead to the eigenvalues E(J,r,I, F, MF).
In the present case the calculations have been made using the Hamiltonian (1) in the uncoupled basis, | J,r, I,Mj, Mi). However, since we never reached the completely uncoupled situation, in listing the Zeeman splittings, see Table 3 , we referred to the F, MP designation of the Zeeman sublevels. Only for the 7 = 000-> ln transition at a magnetic field strength of 25583 Gauss, with AM = 0, we have nearly approached the uncoupled limiting case.
The first order energy expression corresponding to the Hamiltonian (2), in the uncoupled basis, has the form:
where g sums over the principal inertia axes, a, b, and c. is the applied magnetic field, gog is a diagonal element of the molecular ^-tensor, xog is a diagonal element of the magnetic susceptibility tensor, % = \ (Xua + Xbb + Zrc) is the bulk magnetic susceptibility, gi is the ^-factor of the quadrupole nucleus, jti0 is the Bohr magneton, and (Jg 2 ) is the expectation value of the squared angular momentum operator in the 7, r state.
A complete description of the magnetic properties of a rotating molecule containing a quadrupole nucleus is given by six independent constants, gi, 9aa , gbb , 9cc, 2 Xaa ~ Xbb ~ Xcc, and 2 Xbb -Xcc -Xaa > which enter in the Hamiltonian (1) through the field dependent part, J-lE. In same cases they, or at least their preliminary values, can be directly obtained from the spectrum using the procedure outlined in Reference 5 . These constants are finally fitted to all the Zeeman frequency splittings by a combined least squares fitting procedure.
Results

a) Nuclear and Molecular g-Values, and Magnetic
Susceptibility Anisotropics
In Table 1 are listed the zero-magnetic-field transitions which were found to be most suitable to study the Zeeman effect in the AM = 0 and in the AJI = + 1 case. From these transitions the A, B, and C rotational constants and the nuclear quadrupole constants were redetermined, see Table 2 , with sligth differences from Reference A summary of the frequency shifts from the zeromagnetic-field transitions at parallel and perpendicular magnetic field is given in Table 3 .
Following the method described above, the six magnetic constants were obtained, see Table 4 . The signs of the molecular ^-factors, g,w , could be unambigously determined since the sign of the Chlorine (//-factor is known to be positive 12 .
b) Second Moment Electronic Charge Anisotropics, Magnetic Susceptibilities and Molecular Quadrupole Moments
The anisotropics in the second moments may be related to the known molecular structure and the experimental Zeeman constants as follows: where Zn is the atomic number of the n-th nucleus, a" and bn are its coordinates in the principal inertial axis system, aL and b; are the coordinates of the i-th electron in the principal inertial axis system, M is the proton mass, e is the electron charge, TV is the Avogadro's number, and (0 0} indicates the expectation value in the ground electronic state. The subscript "mole" designates molar quantities. Similar expressions for (c 2 ) -(6 2 ), and (a 2 )-(c 2 ) are obtained by cyclic permutations of a, b and c.
The value of the nuclear second moments were calculated from Ref. 7 and the rotational constants of the present work. They are, in units of IGT 16 Since the known molecular structure is a restructure an uncertainty of \% on the above quantities seemed to be reasonable. Using the empirical additivity rules 13 to compute the out-of-plane second moment of the charge distribution, (c 2 ), the values of (a 2 ) and (b 2 ) are obtained from the second moment electronic charge anisotropics.
The diagonal elements of the paramagnetic susceptibility tensor can be calculated according to:
The diagonal elements of the diamagnetic susceptibility tensor are given by:
The diagonal elements of the total susceptibility tensor are found by adding together the corresponding paramagnetic and diamagnetic terms. Finally the total (or bulk) susceptibility is calculated according to:
No measurement of the bulk susceptibility was done due to the experimental difficulties connected with the chemistry of the compound.
The molecular quadrupole moments in the principal inertial axis system may be obtained from the expression:
All the quantities calculated as discussed above are listed in Table 5 . 
Conclusion and Discussion
The signs and the magnitude of the molecular quadrupole moments along the principal axes are determined by the distribution of charge in the molecule, as schematically illustrated, together with the molecular structure, in Figure 1 . Due to the Cl errors on Qaa and Qbb not much can be said about the in-plane charge distribution. We may only discuss the two limiting possibilities: Qaa>Qbb and Qaa < Qbb • The first one, besides it is more probable according to the error distribution law, is also supported by the results of an analysis of the principal elements of the nuclear quadrupole coupling tensor. Assuming the z-prinzipal axis of the nuclear quadrupole coupling tensor collinear with the C -Cl bond and the ar-axis in the molecular plane, the diagonal (principal) elements are calculated 14 The computation 14 based on the above quantities leads to a contribution of 11% from the structure containing the Chlorine, double bonded to the Carbon, in the Cl + form. Correspondingly the Oxigen becomes negative. Therefore, since the Chlorine is very close to the a-axis and the Oxigen is closer to the b-axis than to the a-axis, it is reasonable to assume a charge distribution less negative along the a-axis than along the b-axis, in accordance with the sequence Qaa > Qbb .
The value of Qcc, out of plane moment, looks high. Its positive value indicates a charge attraction exerted by the electronegative atoms on the n bond electrons. The same trend, i.e. Qcc>0, is present in COF2 15 and CHOF 16 .
The magnetic susceptibility anisotropics are very small, see Table 5 . Consequently the spectrum is rather insensitive to the second order Zeeman effect, at the field strengths used for the measurements, and the relative errors on the corresponding quantities äre considerable.
Semiempirical calculations, as mentioned in the Introduction, are postponed until a sufficient number of Chloro-containing molecules will be studied to allow a systematic discussion of their magnetic characteristics.
